Abstract The need to have a better and safer culture condition for expansion of human mesenchymal stem cells (MSCs) is crucial particularly to prevent infection and immune rejection. This is normally associated with the use of animal-based serum in the culture media for cell expansion. The aim of this study is to investigate alternative culture conditions which may provide better and safer environment for cell growth. In the present study, human adipose-derived stem cells (ASCs) at passage 3 were subjected to treatment in 4 conditions: (1) 21 % O 2 with fetal bovine serum (FBS), (2) 21 % O 2 without FBS, (3) 2 % O 2 with FBS and (4) 2 % O 2 without FBS followed by subsequent analysis of their phenotype, viability and functionality. We observed that ASCs cultured in all conditions present no significant phenotypic changes. It was found that ASCs cultured in 2 % O 2 without serum showed an increase in viability and growth to a certain extent when compared to those cultured in 21 % O 2 without serum. However, ASCs cultured in 2 % O 2 without serum displayed a relatively low adipogenic and osteogenic potential. On the other hand, interestingly, there was a positive enhancement in chondrogenic differentiation of ASCs cultured in 21 % O 2 without serum. Our findings suggest that different culture conditions may be suitable for different indications. In summary, ASCs cultured in serum-free condition can still survive, proliferate and undergo subsequent adipogenic, osteogenic and chondrogenic differentiation. Therefore, FBS is feasible to be excluded for culture of ASCs, which avoids clinical complications.
Introduction
MSCs are capable of self-renewal and differentiation into various types of cells, particularly osteogenic, chondrogenic and adipogenic cells (Doulatov and Daley 2013) . Due to these characteristics, MSCs are widely used in medical research and tissue engineering by avoiding the ethical concerns related to embryonic stem cells (Young 2000) . MSCs can be readily obtained from various sources in human body e.g., bone marrow, adipose tissues and periosteum (Ferretti et al. 2012; Yong et al. 2015b) . Recently, adipose tissue has been identified as an attractive source of MSCs (Gimble et al. 2007 ) due to its abundance and ease of harvest. Although MSCs have emerged as a promising tool for clinical applications, but they need to be expanded in order to acquire sufficient cells for clinical applications (Pittenger 1999) and this requires the development of effective cell expansion protocols. To this end, MSCs would require a suitable culture environment for them to proliferate and grow at a rate sufficient for timely therapeutic use.
There are several culture environments (e.g., low oxygen tension and serum supplementation) that promote cell growth and proliferation. In general, oxygen concentration is varied (1-10 %) depending on the tissue type in human body. For instance, oxygen concentration in human adipose tissue is \4 % (Matsumoto et al. 2005; Pasarica et al. 2008) , whereas oxygen concentration in bone tissue is 4-7 % (Xu et al. 2007) . As articular cartilage is avascular, therefore oxygen tension in cartilage can reach as low as 1 % (Fermor et al. 2007; Wang et al. 2005) . However, oxygen tension in the culture seems to be often overlooked when conducting in vitro study. Cells were normally cultured at atmospheric oxygen tension (20-21 %) instead of physiological oxygen tension (1-10 %) experienced by them in the human body (Ivanovic 2009 ). In fact, oxygen concentration can be adjusted in vitro to culture cells for different indications. For instance, 2 % O 2 which was reported to enhance proliferation rate of human ASCs (Choi et al. 2014a; Lee et al. 2009 ), can be used to expand undifferentiated ASCs extensively to get sufficient cells for cell-based therapies (e.g., graft-vs-host-disease). On the other hand, MSCs can be cultured in a condition mimicking physiological oxygen tension in native adipose, bone and cartilage tissues to enhance their adipogenic, osteogenic and chondrogenic differentiation in vitro respectively (Valorani et al. 2012; Xu et al. 2007) , for transplantation and tissue engineering approach.
Besides low oxygen tension, the use of serum, e.g., FBS also has been reported to promote cell growth. However, FBS may contain pathogens which pose a risk of infection, and animal-based proteins which induce severe immune reactions, in recipients following cell transplantation (Lindroos et al. 2009 ). To avoid such adverse reactions, FBS is recommended to be excluded from cell culture medium. To this end, Parker et al. (2007) have performed a study to evaluate the proliferation and differentiation potential of MSCs cultured in serum-free condition. It was found that serum-free condition may not support proliferation and differentiation (adipogenic and osteogenic) of MSCs. This study was carried out in atmospheric oxygen tension only. Therefore, studies on the effects of serum deprivation and hypoxia on MSCs were performed, but it was only reported that such condition may reduce viability of MSCs (Huang et al. 2009; Zhu et al. 2006) . To date, the exact concomitant effect of hypoxia and serum deprivation on MSCs in terms of stemness properties (proliferation and differentiation potential) is still relatively unknown.
Herein, we evaluated the effects of hypoxia on stemness properties of ASCs cultured in serum-free condition thoroughly by providing an insight into the molecular changes that may occur following such treatment. The findings from this study would impact the establishment of an effective culture method which avoids the use of animal-based serum.
Methods

Isolation and culture of human ASCs
Adipose tissue samples were collected from 6 different female donors aged 25-35 years during elective caesarean section surgery in University of Malaya Medical Centre (UMMC) posterior to informed consent from the donors. This study was approved by the Medical Ethics Committee of UMMC (Reference No: 996.46) . After collection, the tissue was cleaned and washed with phosphate-buffered saline (PBS) (SigmaAldrich, St Louis, MO, USA) and minced. It was then digested using 0.3 % collagenase type I (Worthington, Freehold, NJ, USA) at 37°C with agitation for 20 min. The digested tissue was then centrifuged and the resulting pellet was washed followed by resuspension in culture medium containing Dulbecco's Modified Eagle's Medium (DMEM)/Ham F-12 (Gibco, Grand Island, NY, USA) supplemented with 10 % FBS (Gibco), 1 % antibiotic-antimycotic (Gibco), 1 % glutamax (Gibco) and 1 % vitamin C (Gibco). Cells were expanded in 5 % CO 2 , 21 % O 2 and 37°C until passage 3 (P3). ASCs at P3 were divided into 4 groups: (1) 21 % O 2 with FBS, (2) 21 % O 2 without FBS, (3) 2 % O 2 with FBS, and (4) 2 % O 2 without FBS. ASCs at P3 have been shown to be relatively homogenous (contaminated with only an insignificant proportion of hematopoietic cells) (Choi et al. 2015; Hsiao et al. 2013) compared to those at previous passage. All groups were cultured and observed for morphological changes until they reached the cell density needed for the following assays and analysis. Each experiment was conducted in triplicates per donor.
Cell viability and proliferation assay
ASCs from all groups were subjected to a trypan blue exclusion assay for cell viability analysis. Total live cells and dead cells were counted and percentage of cell viability was calculated. On the other hand, a Resazurin reduction assay was performed to evaluate the proliferation potential of the cells. In brief, ASCs were seeded onto a 24-well plate at 5 9 10 4 cells per well and incubated overnight for cell attachment. Resazurin reduction assay was performed after 24 h (day 1), and on days 3 and 7. The absorbance signals were quantified at wavelength of 570 nm and 595 nm using FLUOstar Optima microplate reader (BMG Labtech, Offenburg, Germany). Finally, the cell numbers on each day of culture were determined.
Immunophenotyping
Immunophenotyping was used to determine the expression of surface markers in ASCs. To perform immunophenotyping, the cells were stained with specific antibodies tagged with fluorochrome as follows: FITC-conjugated CD105, CD90, CD45, CD34, HLA DR DQ DP and PE-conjugated CD73, CD14, and CD19 (Becton-Dickinson, San Jose, CA, USA). Then, the data were acquired using a flow cytometry system (BD FACSCanto II, Becton-Dickinson). Finally, analysis was performed using a FlowJo software (Treestar, Ashland, OR, USA) with 10,000 cells per sample.
Cell differentiation assay
Adipogenic induction
ASCs were cultured for 21 days in adipogenic induction medium containing DMEM/F12 supplemented with 10 % FBS, 0.5 lM isobutyl-1-methy xanthine (Sigma-Aldrich), 1 lM dexamethasone (SigmaAldrich) and 10 lM insulin (Sigma-Aldrich). Differentiation of ASCs to adipogenic cells was indicated by the formation of lipid droplets stained by Oil red O (Sigma-Aldrich).
Osteogenic induction
ASCs were cultured for 21 days in osteogenic induction medium containing DMEM/F12 supplemented with 10 % FBS, 100 nM dexamethasone, 10 mM bglycerophosphate (Sigma-Aldrich) and 0.05 mM ascorbic acid-2-phosphate (Sigma-Aldrich). Differentiation of ASCs to osteogenic cells was indicated by the formation of calcium deposits stained by Alizarin red (Sigma-Aldrich).
Chondrogenic induction
ASCs were cultured for 21 days in chondrogenic induction medium containing DMEM/F12 supplemented with 1 % FBS, 1 % antibiotic-antimycotic, 1 % vitamin, 1 % glutamax, ITS premix (Becton-Dickinson), 50 lg/ml ascorbate-2-phosphate, 100 nM dexamethasone, 40 lg/ml L-proline (Sigma-Aldrich), 10 ng/ml TGF-b1 (Peprotech, Rocky Hill, NJ, USA) and 50 ng/ml IGF-1 (Peprotech). Differentiation of ASCs to chondrogenic cells was indicated by the formation of proteoglycan stained by Alcian blue (Sigma-Aldrich).
Images of each staining were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). ASCs before differentiation induction for each culture condition were used as control for normalization. Data were expressed as percentage (%) of stained area for Oil red O, Alizarin red and Alcian blue, respectively. Further, the expression of specific genes for each differentiation was determined using quantitative Real-Time polymerase chain reaction (qPCR) to compare the differentiation potential of ASCs in each culture condition.
RNA extraction, cDNA synthesis and qPCR
ASCs from all groups were subjected to RNA extraction using TRI reagent (Ambion, Austin, TX, USA). The extraction was carried out according to the manufacturer's protocol. RNA were converted to cDNA using a high capacity RNA-to-cDNA synthesis kit (Applied Biosystems, Foster City, CA, USA). A qPCR assay was carried out using TaqMan gene expression assays (Applied Biosystems) and a RealTime PCR system (StepOnePlus, Applied Biosystems). The thermal cycling profile for Real-Time PCR was as follows: 95°C for 20 s (polymerase activation) followed by 40 cycles of 95°C for 1 s (denaturation) and 60°C for 20 s (primer annealing/extending). Genes analysed were adipogenic genes: peroxisome proliferator-activated receptor gamma (PPAR-c) (Hs01115513_m1), lipoprotein lipase (LPL) (Hs0017 3425_m1) and fatty-binding protein 4 (FBP4) (Hs01086177); Osteogenic genes: alkaline phosphatase (ALPL) (Hs01029144_m1), osteocalcin (OSC) (Hs015878914_m1) and runt-related transcription factor 2 (RUNX2) (Hs00231692_m1); and Chondrogenic genes: aggrecan (ACAN) (Hs00153936_m1), collagen type II (COL-2) (Hs00264051_m1) and Sryrelated HMG box-9 (SOX-9) (Hs00165814_m1). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1) was used as a reference gene for normalization. Data were expressed as fold change relative to control group (ASCs before differentiation induction).
Statistical analysis
Statistical analysis was performed with SPSS 18.0 software using One-Way ANOVA with post hoc tukey test to compare the data from all groups. A paired t test was used to compare data before and after the differentiation induction in the gene expression study. All data were expressed as mean ± SE of mean (SEM) and a p value of \0.05 was accepted as statistically significant.
Results
Effects of hypoxia and serum deprivation on morphology of ASCs
Microscopic examination revealed that ASCs cultured with serum ( Fig. 1 ) in 21 % O 2 and 2 % O 2 showed spindle-like and fibroblastic morphology. The cell density continued to grow as the culture period increased from day 3 to day 7. On the other hand, ASCs cultured without serum supplementation at P3 (Fig. 2) in both 21 % O 2 and 2 % O 2 still maintained their spindle-like and fibroblastic morphology. However, through microscopic observation, the cell density was decreased particularly in 21 % O 2 on day 7. Interestingly, the cell density in 2 % O 2 without serum supplementation was increased on day 7. The density of cells in 2 % O 2 without serum supplementation was observed to be lower than those cultured in 2 % O 2 with serum.
Effects of hypoxia and serum deprivation on viability of ASCs
To assess cell viability, we performed Trypan blue exclusion assay. It was found that the viability of ASCs cultured in 21 % O 2 with serum (98 ± 0.49 %) was significantly (p \ 0.05) higher than that of ASCs cultured in 21 % O 2 without serum (54 ± 4.2 %). Similarly, viability of ASCs cultured in 2 % O 2 with serum (97 ± 0.6 %) was significantly (p \ 0.05) higher than for those cultured without serum (74 ± 1.3 %). Surprisingly, viability of ASCs cultured without serum in 2 % O 2 was significantly (p \ 0.05) increased as compared to those cultured without serum in 21 % O 2 (Fig. 3a) . This indicates that 2 % O 2 may support cell viability when cultured in serum-free condition.
Effects of hypoxia and serum deprivation on proliferation of ASCs To evaluate proliferation rate of ASCs, we conducted Resazurin reduction assay. It was found that ASCs cultured with serum in either 2 or 21 % O 2 displayed significantly (p \ 0.05) higher number of cells than those culture without serum from day 1 to day 7. Interestingly, we found that ASCs cultured without serum in 2 % O 2 showed a significantly (p \ 0.05) greater cell number than those cultured without serum in 21 % O 2 on day 7 (Fig. 3b) . This result indicates that 2 % O 2 may assist in maintaining cell growth of ASCs in the absence of serum, but this condition is still less superior to 2 % O 2 with serum. Therefore, a longer period of culture in 2 % O 2 without serum is needed to achieve similar numbers of ASCs as those cultured in 2 % O 2 supplemented with serum.
Effects of hypoxia and serum deprivation on surface markers expression of ASCs ASCs in all groups were evaluated for surface marker expression (Table 1) , except for those cultured in 21 % O 2 without serum due to insufficient cell numbers for immunophenotyping. ASCs in all tested groups were positive ([90 % cells) for mesenchymalassociated markers such as CD90, CD73, CD105, and CD44 while negative (\2 % cells) for hematopoietic cell makers such as CD19, CD14, CD34 and CD45, which met the minimal criteria proposed by the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy for defining human MSCs (Dominici et al. 2006) . It is worth to note that there was a significant (p \ 0.05) increase of CD14 and CD34 in ASCs cultured in 2 % O 2 without serum.
Effects of hypoxia and serum deprivation on differentiation potential of ASCs
Adipogenic potential
To evaluate adipogenic potential of ASCs, we performed Oil red O staining and gene expression analysis. We observed that ASCs cultured in all conditions displayed formation of lipid droplets which were stained positively by Oil red O (Fig. 4a) . More lipid droplets were seen in ASCs cultured with serum, as indicated by a significantly (p \ 0.05) higher percentage of Oil red O stained area (Fig. 4b) . Further, it was found that ASCs cultured in 2 or 21 % O 2 with serum displayed significantly (p \ 0.05) higher gene expression levels of FABP4 and LPL than those cultured without serum. Gene expression of PPAR-c was found to be significantly (p \ 0.05) highest in ASCs cultured in 21 % O 2 with serum ( Fig. 4c) . These results indicate that adipogenic potential was relatively higher when ASCs were cultured with serum supplementation.
Osteogenic potential
To assess osteogenic capacity of ASCs, we conducted Alizarin red staining and gene expression analysis. We observed that only ASCs cultured in 21 % O 2 showed deposition of calcium which was positively stained by Alizarin red (Fig. 5a ). There was no significant (p [ 0.05) difference in terms of percentage of Alizarin red stained area between ASCs cultured in 21 % O 2 with serum and without serum (Fig. 5b ). This finding is in accordance with the gene expression analysis (Fig. 5c ). In addition, it was found that ASCs cultured in 21 % O 2 with or without serum showed significantly (p \ 0.05) higher gene expression levels of osteogenic markers (ALPL, OSC and RUNX2) than those cultured in 2 % O 2 (Fig. 5c ). Taken together, these results indicate that hypoxia could reduce osteogenic potential of ASCs.
Chondrogenic potential
To assess chondrogenic potential of ASCs, we performed Alcian blue staining and gene expression analysis. Upon chondrogenic induction, it was observed that ASCs cultured in all conditions except for those cultured in 2 % O 2 without serum, demonstrated formation of proteoglycans which were positively stained by Alcian blue (Fig. 6a) . Chondrogenic potential of ASCs cultured in 2 % O 2 without serum could not be evaluated due their inability to survive in the chondrogenic induction medium in the low oxygen tension environment. Serum-free condition seems to enhance chondrogenic differentiation the most, as indicated by a significantly (p \ 0.05) highest percentage of Alcian blue stained area (Fig. 6b) . qPCR revealed that ASCs in all tested groups displayed significantly (p \ 0.05) ASCs in those tested groups (Fig. 6c) . These results suggest that serum-free culture condition promotes chondrogenic maturation of ASCs, as indicated by high levels of late chondrogenic markers (ACAN and COL-2) and a low level of early chondrogenic marker (SOX-9). 
Discussion
In the present study, ASCs were expanded in 21 % O 2 until P3 to get sufficient cell density for treatment with 2 % O 2 and serum deprivation, as well as subsequent analysis. Most studies have demonstrated that ASCs expanded in 21 % O 2 within P3 are functionally intact and safe for clinical use due to their low risk of chromosomal aberration and tumourigenesis (Choi et al. 2015; Froelich et al. 2013; Yong et al. 2015a, c) .
After reaching P3, ASCs were divided into 4 culture conditions: (1) 2 % O 2 supplemented with 10 % FBS, (2) 2 % O 2 without FBS, (3) 21 % O 2 supplemented with 10 % FBS (control group) and (4) 21 % O 2 without FBS. This investigation was to search for a better culture environment without having to rely on animal-based products such as FBS, which has been used widely in cell culture media. FBS has been reported to exert immune reaction in the form of anaphylaxis (Mackensen et al. 2000) . Further, the use of FBS has been associated with pathogenic contamination of clinically used cells and increase of immunogenicity of the cells (Lalu et al. 2012; Shahdadfar et al. 2005; Spees et al. 2004) . This indicates that cells should be cultured under serum free condition or cultured in autologous serum before cells can be applied therapeutically in human. In addition, if serum is still needed to expand the cells, human platelet lysate has been suggested as a replacement for FBS for clinical-scale expansion of human MSCs (Schallmoser et al. 2007 ). Under the current prescribed conditions, ASCs showed a similar morphological appearance with fibroblastic and spindle-like features. Further, cell density was also observed to increase in 2 % O 2 including those cultured without serum, to a certain extent. This indicates that 2 % O 2 does facilitate cell growth and viability (Choi et al. 2015; Grayson et al. 2007 ) even without the use of serum in cell culture.
However, the limited expansion of cells in 2 % O 2 without serum was observed, which could be due to increased cell death, as prolonged concomitant hypoxia and serum deprivation in culture has been reported to induce apoptosis in MSCs (Potier et al. 2007; Zhu et al. 2006) .
Through surface marker evaluation, our findings show that 2 % O 2 or serum deprivation does not affect expression of mesenchymal-associated markers (including CD90, CD73, CD44 and CD105) in ASCs. However, ASCs cultured in 2 % O 2 and serum-free condition displayed a relatively high expression of CD14 and CD34. CD14 is a marker that is expressed in non-tumorigenic cell line (Lobba et al. 2012) and also known as a surface protein that is expressed in monocytes or macrophages (Simmons et al. 1989) . This indicates that there may be an increase of immunogenicity of ASCs when cultured in 2 % O 2 and in serum free condition. In addition, increase of CD14 expression may indicate that there is a low risk of tumorigenic potential in ASCs cultured in 2 % O 2 and in serum-free condition. Increase of CD34, an endothelial marker (Muller et al. 2002) , may indicate that ASCs cultured in 2 % O 2 and in serum-free condition has become more committed to a specific cell lineage, e.g., endothelial cells. However, CD34 may also play a role in the increase of immunogenicity as CD34 has been reported to be involved in promoting lymphocyte antigens (Nielsen and McNagny 2008) . Taken together, ASCs in all culture conditions displayed no significant phenotypic changes.
Upon adipogenic induction, ASCs cultured in 21 % O 2 with serum displayed more lipid droplets and higher levels of expression in terms of adipogenic genes PPARc, FABP4 and LPL than those cultured without serum, suggesting serum-free condition may reduce adipogenic potential of ASCs. This suggests that serum may contain components which help to maintain expression of adipogenic markers in ASCs, particularly PPAR-c, which helps to regulate adipogenic differentiation and maintain adipocytic phenotype (Kawai and Rosen 2010) . These findings are in accordance with Parker et al. (2007) , who reported that serum enhanced adipogenesis of ASCs. Taken together, serum supplementation seems to play an essential role in adipogenic differentiation of ASCs. In spite of that, ASCs cultured in either 2 or 21 % O 2 with serum-free condition were still capable of undergoing adipogenic differentiation, but with lower capacity than those cultured in serum. Interestingly, ASCs that were cultured in 21 % O 2 without serum showed an increase in osteogenic differentiation ability, as indicated by the increase in deposition of calcium and expression of the osteogenic genes, including OSC, RUNX2 and ALPL. However, ASCs expanded in 2 % O 2 without serum did not show any positive enhancement in the subsequent osteogenic differentiation, as indicated by no formation of calcium deposit and a decrease in the gene expression of ALPL and RUNX2. It has been reported that low oxygen tension could upregulate hypoxia-inducible factor 1-alpha (HIF-1a) in ASCs, which in turn downregulates osteogenic genes (e.g., RUNX2) to inhibit osteogenic differentiation, as supported by Xu et al. (2013) and Choi et al. (2014b) . Moreover, osteogenic differentiation of ASCs is believed to take place in an environment with high oxygen tension, as bones are situated closely to the blood vessels which provide great oxygen supply (Fehrer et al. 2007 ). In short, serum-free condition is still capable of supporting osteogenic differentiation of ASCs, but requires high oxygen tension.
On the other hand, ASCs cultured in 21 % O 2 without serum demonstrated increased expression of chondrogenic genes ACAN, COL-2 and SOX-9 upon chondrogenic induction. A higher expression of ACAN in ASCs cultured without serum than those cultured with serum was observed, suggesting that serum-free condition may enhance chondrogenic maturation of ASCs. Many studies have shown that oxygen deprivation helps in chondrogenic differentiation and maturation (Choi et al. 2014b; Merceron et al. 2010; Weijers et al. 2011) , but the beneficial effect of serum deprivation on chondrogenic differentiation is reported for the first time. It has been reported that high expression of CD90, CD73 and CD 105 are associated with positive enhancement in chondrogenic differentiation and maturation of MSCs (Arufe et al. 2010; Campbell and Pei 2012; Jiang et al. 2010) . Our findings show that there is no significant (p \ 0.05) difference in terms of expression of those markers in ASCs cultured in all conditions including those cultured in 21 % O 2 without serum, suggesting that chondrogenic differentiation enhancement in serum deprivation condition may be affected by other factors. We suggest that serum may contain components which delay maturation of chondrogenic cells derived from ASCs and this requires further investigation.
Conclusion
In summary, 2 % O 2 can help to increase the viability and growth of ASCs even without the use of serum although it may take a longer period of time to achieve sufficient number of cells. However, ASCs cultured in 2 % O 2 without serum displayed low adipogenic potential and inhibition of osteogenic differentiation. On the other hand, ASCs cultured in 21 % O 2 without serum seem to show a better enhancement in chondrogenic potential, and capable of undergoing adipogenic and osteogenic differentiation. Overall, our findings show that different culture conditions may be suitable for different indications. For instance, 2 % O 2 may help to expand undifferentiated ASCs cultured in serum-free condition for clinical applications. On the other hand, ASCs cultured in 21 % O 2 without serum can be induced to differentiate into osteogenic or chondrogenic cells in vitro prior to transplantation into human body for bone or cartilage regeneration. Taken together, animal-based serum is feasible to be excluded from cell culture medium to avoid xenogeneic immune rejection. Further investigation is needed to determine the active components in FBS so that these components can be replaced by non animal-based product to further enhance the stemness properties of ASCs in serum-free condition for better therapeutic efficacy.
